The human genome encodes over 500 microRNAs (miRNAs), small RNAs (19 to 26 nucleotides [nt]) that regulate the expressions of diverse cellular genes. Many cellular processes are altered through a variety of mechanisms by human cytomegalovirus (HCMV) infection. We asked whether HCMV infection leads to changes in the expression of cellular miRNAs and whether HCMV-regulated miRNAs are important for HCMV replication. Levels of most miRNAs did not change markedly during infection, but some were positively or negatively regulated. Patterns of miRNA expression were linked to the time course of infection. Some similarly reregulated miRNAs share identical or similar seed sequences, suggesting coordinated regulation of miRNA species that have shared targets. miRNAs miR-100 and miR-101 were chosen for further analyses based on their reproducible changes in expression after infection and on the basis of having predicted targets in the 3 untranslated regions (3-UTR) of genes encoding components of the mammalian target of rapamycin (mTOR) pathway, which is important during HCMV infection. Reporter genes that contain the 3-UTR of mTOR (predicted targets for miR-100 and miR-101) or raptor (a component of the mTOR pathway; predicted site for miR-100) were constructed. Mimics of miR-100 and miR-101 inhibited expression from the mTOR construct, while only miR-100 inhibited the raptor construct. Together, miR-100 and miR-101 reduced mTOR protein levels. While the miR-100 and miR-101 mimics individually modestly inhibited production of infectious progeny, much greater inhibition was achieved with a combination of both (33-fold). Our key finding is that HCMV selectively manipulates the expression of some cellular miRNAs to help its own replication.
HCMV selectively manipulates the expression of some cellular miRNAs to help its own replication.
MicroRNAs (miRNAs) are small (ϳ21-nucleotide [nt])
RNA species that are expressed from specialized genes and have important roles in the regulation of cellular gene expression, including the regulation of development, the differentiation of hematopoietic stem cells, apoptosis, and the development of cancer (reviewed in references 16, 25, and 26) . miRNA-mediated gene regulation is related to cellular defenses that are mediated via very similar mechanisms (small interfering RNA) but target exogenous mRNAs, such as those expressed by viruses. The human genome contains perhaps 500 distinct miRNA genes (1, 33) . miRNAs are initially expressed as 5Ј-capped and polyadenylated RNA polymerase II transcripts (4, 31) . They are expressed either as individually regulated genes or as clusters of miRNAs that are expressed and then processed from a single primary transcript that might contain several miRNAs (22, 29, 49) . After cytoplasmic processing to the ϳ21-nt single-stranded mature form by the enzyme Dicer, miRNAs associate with the RNA-induced silencing complex. miRNA-mediated RNA interference is manifest as reduced levels of translation from the targeted mRNAs.
This translational silencing comes in two forms: (i) by inhibiting protein synthesis after binding via incomplete base pairing to the 3Ј untranslated regions (3Ј-UTR) of target mRNAs, and (ii) by binding to mRNAs with perfect complementarity, which leads to cleavage of the targeted mRNA. One important consequence of miRNA-mediated inhibition of gene expression via imperfect base pairing is that individual miRNAs can potentially regulate many cellular targets. Further, individual genes can be targeted by multiple miRNAs.
There are connections between viruses and the miRNA world. Simian virus 40, human immunodeficiency virus type 1 (HIV-1), herpes simplex virus type 1, Marek's disease virus, murine cytomegalovirus, human cytomegalovirus (HCMV), Epstein-Barr virus, and human herpesvirus 8 encode sets of miRNAs (3, 12, 18, 40, 42, 44, 48, 53) . HCMV encodes at least 12 miRNAs that are expressed as immediate early or early viral genes in infected cells; their abundance increases for at least 72 h after infection (12, 18, 41) . Similarly, a herpes simplex virus type 1 viral miRNA encoded upstream of the latencyassociated transcript also persisted at high levels until late in infection (9) . Thus, the miRNA machinery remains operational in cells infected by these viruses. While functions have yet not been ascribed to most of the virally encoded miRNAs, HCMV-miR-UL112 inhibits NK cell killing by reducing major histocompatibility complex class I chain-related molecule B protein levels (46) , the simian virus 40 miRNA plays a role in preventing the immune recognition of infected cells by reducing the production of some viral proteins (47) , several human herpesvirus 8-encoded viral miRNAs target cellular genes that may be relevant to pathogenesis (45) , and an HIV-1-encoded viral miRNA suppresses nef gene expression (40) .
In addition to encoding miRNAs, viruses can interact with host miRNAs or affect their regulation. Nuclear export of miRNA precursors is inhibited by the adenovirus VA1 noncoding RNA (35) . Accumulation of primate foamy virus type 1 is inhibited by a cellular miRNA (miR-32), and the virus encodes a protein that suppresses miRNA silencing in mammalian and plant cells (30) . In addition, a cellular miRNA (miR-122) that targets the 5Ј end of the hepatitis C virus genome facilitates viral replication (24) . Transfection of HeLa cells with HIV-1 leads to a substantial alteration in the expression of cellular miRNAs, with many of them being downregulated (54) . Moreover, HIV-1 infection downregulates cellular miRNAs that repress viral growth (50) .
HCMV exerts diverse and profound effects on the regulation of host cell metabolism, including altering levels of cellular transcripts, perturbing the cell cycle, and inhibiting infectiontriggered apoptosis (reviewed in reference 39), and the machinery for miRNA biosynthesis and activity is functional in HCMV-infected cells. Thus, we asked whether HCMV infection results in altered expression of cellular miRNA species. We found that levels of most miRNA species do not change dramatically during infection, but several species were markedly up-or downregulated, indicating that HCMV infection leads to specific changes in the expression of some cellular miRNAs. Further, we identified cellular targets for two of the virally regulated miRNAs and found that synthetic mimics of these miRNAs can inhibit viral replication.
MATERIALS AND METHODS
Cells and virus. MRC-5, HeLa, and 293T cells were obtained from the American Type Culture Collection (Manassas, VA) and maintained in Earle's modified Eagle's medium containing 10% fetal bovine serum (HyClone, Logan, UT), 2 mM L-glutamine, 0.1 mM nonessential amino acids, and 1 mM sodium pyruvate. T-BACwt (a gift from Hua Zhu) is a derivative of the HCMV Towne strain that has several nonessential genes (US1 through half of US12) replaced with a gene encoding a green fluorescence protein and was used in all experiments (38) . Virus stocks were prepared in MRC-5 cells infected with T-BACwt at a multiplicity of infection (MOI) of 0.01, fresh culture medium was added when the cells showed Ͼ90% cytopathic effects, and the cells were harvested after 3 to 4 days. Harvested cells were resuspended in a thrice-autoclaved mixture of 50% fat-free milk and 50% culture medium and then frozen in aliquots at Ϫ80°C. Viral titers were determined by a plaque-forming assay done in triplicate in 48-well flatbottom plates (Corning Incorporated, Corning, NY).
RNA preparation. MRC-5 cells were infected at an MOI of 2 in 100-mm cell culture dishes (Becton Dickinson, Franklin Lakes, NJ). Total RNA was extracted at 6, 24, 48, and 96, or 120 h postinfection (hpi) with Trizol reagent (Invitrogen, Carlsbad, CA). Briefly, the culture medium was removed and the cells were lysed with 6 ml of Trizol reagent and then frozen at Ϫ80°C. The RNA phase was partitioned with 6 ml of chloroform, precipitated with 3 ml of isopropyl alcohol, washed, and resuspended in DNase/RNase-free sterile water and then stored at Ϫ80°C. RNA quality was verified by electrophoresis in agarose gels.
miRNA microarray. miRNA microarray analysis was performed as described previously (34) , using an updated version of the chip (human and mouse miRNA 11K version 2 chip). Arrays included 40-mer oligomers with sequences corresponding to 250 human miRNAs and their precursors known at the time this work was initiated. The chips also included a series of well-tested control probes with sequences corresponding to human tRNA and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) that served as positive controls and numerous random sequences that served as negative controls. Each probe was printed in quadruplicate on activated Amersham CodeLink slides (Amersham, Piscataway, NJ). Five micrograms of total RNA was labeled with biotin by reverse transcription (RT), and the labeled cDNA was hybridized to the printed chips. Bound sequences were detected with a streptavidin-Alexa647 conjugate. After processing, data were collected using an Axon 4000B scanner and the Genepix Pro 6.0 software package (Molecular Devices, Sunnyvale, CA).
miRNA data analysis. Microarray data were analyzed with BRB-ArrayTools (version 3.4_Beta_1a, National Cancer Institute, Rockville, MD). In the initial data filtering, spots were excluded if the minimum fluorescence intensity was Յ10 or if there was insufficient agreement among the quadruplicate spots. The mean fluorescence intensities (MFI) of the quadruplicate spots were log 2 transformed and then normalized using the median-centering array procedure. miRNAs were excluded if one of the expression values was less than 20% or had a 1.5-fold change in either direction from the averaged median value (34). For each miRNA for which data of sufficient quality were available, array intensities from each time point after HCMV infection were compared with those of mock-infected MRC-5 cells.
qRT-PCR. Short RNAs (Յ200 nt) were separated from total RNA preparations (described above) by use of the mirVanaTM miRNA isolation kit (Ambion, Austin, TX) according to the manufacturer's directions, beginning with 50 g of total RNA that had been treated with 10 units of DNase at 37°C for 30 min. Levels of miRNA expression at different times after HCMV infection were determined by quantitative RT-PCR (qRT-PCR) from 10-ng aliquots of short RNA by using the mirVanaTM qRT-PCR miRNA detection kit (Ambion, Austin, TX) and primers for specific miRNAs (Applied Biosystems, Foster City, CA). miRNA target verification. Fragments containing the 3Ј-UTR of mTOR and raptor that contain predicted targets of miR-100 and/or miR-101 were cloned from MRC-5 cells by use of the following primers, each of which contains a NotI site (italicized): 5Ј-GCGGCCGCAGATGTGCCCATCACGTT-3Ј and 5Ј-GCG GCCGCTGATGTCATTTATTGGCACA-3Ј (mammalian target of rapamycin [mTOR], NM_004958), and 5Ј-GCGGCCGCCCTGCTACTCGCTTTTGTC-3Ј and 5Ј-GCGGCCGCTTTCCCGAATTTCCAGTGTC-3Ј (raptor, NM_020761). The mTOR primers amplify a 927-bp fragment located 11 to 937 bp downstream of the stop codon, and the raptor primers amplify a 406-bp fragment located 143 to 557 bp downstream of the stop codon. Cloned sequences were confirmed and the fragments were transferred to the NotI site in the 3Ј multiple cloning sequence of pHygEGFP (BD Biosciences, Palo Alto, CA), which is located downstream of the stop codon of a gene encoding a fusion protein of hygromycin and enhanced green fluorescent protein (EGFP) to produce pHygEGFP-mTOR and pHygEGFP-raptor. HeLa cells were cotransfected with reporter genes and mim-FIG. 1. Comparison of results from two independent miRNA microarray experiments. RNA was prepared from MRC-5 fibroblasts mock infected or infected with HCMV T-BACwt (MOI of 2) at 6, 24, and 48 hpi plus 96 hpi (experiment 1) or 120 hpi (experiment 2). These RNAs were used as probes on miRNA microarrays, as described in Materials and Methods. Data that passed the quality control criteria were compared with the BRB-ArrayTools software.
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ics of miR-100, miR-101, or a negative-control miRNA mimic (Dharmacon, Lafayette, CO) by use of Lipofectamine 2000 (Invitrogen, Carlsbad, California) as described previously (10) . At 15 to 24 h after transfection, digital pictures of the cells were taken with a Leica (DM IRB) UV microscope system with a Q-Imaging camera at 100ϫ magnification, and EGFP expression levels were determined using Image-Pro Plus software (version 6.1). HCMV growth in the presence of miR-100 and miR-101 mimics. MRC-5 cells were grown in 48-well plates (Becton Dickinson, Franklin Lakes, NJ) to 40 to 50% confluence and transfected using Lipofectamine 2000 with miR-100, miR-101, or a negative-control miRNA mimic. Two days after transfection, the cells were serum starved for 48 h and then infected with T-BACwt (MOI of 2). Four days after infection, virus titers in culture supernatants were determined by standard serial dilution on MRC-5 cells.
Immunoblot analyses. Cells from six-well plates were collected and lysed on ice in lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton X-100 [vol/vol], 10% glycerol [vol/vol], and 1% protease inhibitor cocktail). After clarification by centrifugation, 100 g of protein lysate was separated in a gradient (4 to 20%) polyacrylamide-sodium dodecyl sulfate gel and then transferred to a membrane (Immobilon-P; Millipore Corp., Billerica, MA). The membrane was preincubated in blocking buffer containing 5% fat-free milk in Tris-buffered saline containing 0.1% Tween 20 (pH 7.6). The membrane was probed with a rabbit anti-mTOR antibody (2972; Cell Signaling Technology, Inc., Beverly, MA) overnight at 4°C and then with a horseradish peroxidase-conjugated anti-rabbit secondary antibody for 1 h at room temperature with chemiluminescent detection (Millipore Corp.). Bands were scanned and then quantified using Image-Pro Plus software (version 6.1).
Statistical analysis. The two-tailed Student's t test was used to analyze the effects of miRNA mimics on reporter assays and viral replication. The samples were treated as having equal variances (43, 52) .
RESULTS
Based on the abundant observations that HCMV employs a variety of mechanisms to regulate cellular processes, we hypothesized that (i) cellular miRNAs play a significant role in CMV biology and (ii) HCMV regulates cellular miRNA populations, collectively or individually. miRNA microarray analysis. (i) Experimental design. To gain an overview of the impact of HCMV infection on host cellular miRNA expression, MRC-5 cells that had been confluent for 3 days were infected at an MOI of 2 with HCMV strain T-BACwt. In this way, we excluded the effects of cell replication and ensured the synchronous infection of the metabolically synchronized cells (2, 55) . The HCMV strain we used has an integrated GFP gene so that infection efficiency can be conveniently monitored, as infected cells show green fluorescence from 48 hpi. Two independent experiments were done in which total RNA samples were extracted from mockinfected cells and cells that had been infected for 6, 24, and 48 h plus a 96-h time point in experiment 1 and a 120-h time point in experiment 2, thus enabling analysis of early and late stages of infection. The rationale for this design was that in previous global analyses of host cellular gene expression, the number of affected cellular genes increased with time after HCMV infection, and groups of genes associated with different cellular activities, such as innate immune responses and cell cycle regulation, were affected at different times after infection (2, 21) . The miRNA microarray chips used in this study are well established and have been used in many studies of cancer and cellular differentiation (5, 7, 8, 13, 17, 20, 34, 51, 52) . The array results passed the standard blank, negative, and positive quality controls.
(ii) Similar results in experiments 1 and 2. Results of two independent experiments (experiment 1 and experiment 2) at each time point were compared to evaluate their reproducibility. For the scatterplots shown in Fig. 1 , the analysis was restricted to probes that met the quality control criteria; because of the variability in the data for spots with very low fluorescence signals, signals of Յ64 fluorescence units are not represented in the scatterplots. These species are considered to be negative for expression in our experiments; probes for 153 of the 250 miRNAs were negative at all time points in both experiments. There was generally good agreement between the two experiments. The correlation coefficients (r) were Ͼ0.9 at all time points. The similarity between results obtained at the 96-hpi and 120-hpi time points (r ϭ 0.93) is consistent with the cells being in the late phase of the replication cycle. Because of the high agreement between the two experiments, further analyses were based on experiment 2.
(iii) miRNA expression after HCMV infection. The scatterplots in Fig. 2A are comparisons of the expressions of individual miRNAs at each time point with mock-infected cells. Two general observations are apparent from these plots: (i) there is no global unidirectional change in miRNA expression, and (ii) the expression levels of individual miRNAs may be unaffected by infection or may be positively or negatively regulated after infection. Table 1 shows the changes relative to levels for mock-infected cells for a set of miRNAs for which high-quality data (as defined in Materials and Methods) were available from every time point. In the comparison with mock-infected cells at the 6-hpi time point, the miRNA expression profiles are very similar; only one cellular miRNA was upregulated, but none were downregulated by more than twofold. At 24 hpi, three cellular miRNA species were upregulated by more than twofold and none were downregulated (one of the miRNAs was targeted by probes for two precursor forms; thus, it shows up in the plot as two points). Especially manifest at 48 hpi and 120 hpi is a progressive change in the expression of individual miRNAs relative to what was seen for mock-infected cells, such that the differences in expression levels of most miRNAs are readily visible. In total, 2 and 8 miRNA species were b miRNA names are for human miRNAs as listed in the Sanger miRNA registry. The suffix "p" denotes species for which the array probe targeted the precursor form of the miRNA.
c MFI and SD of mock-infected cells are shown to give baselines for interpreting the change levels.
d At each time point, the MFI for each probe was compared with the corresponding value from mock-infected cells with the two-tailed Student t test, considering the samples as paired. *, P Յ 0.01; **, P Յ 0.001; ***, P Յ 0.0001. upregulated by more than twofold at 48 and 120 hpi, respectively, and 22 and 24 miRNAs were downregulated by more than twofold at 48 and 120 hpi, respectively. In many instances, changes of 20% to 30% were statistically significant at a P value of Ͻ0.01, and all of the changes of at least twofold were significant at that or higher levels (Table 1) . qRT-PCR was used to confirm the microarray data for selected miRNAs; as shown in Table 2 , the two methods were in good agreement.
To compare the expression patterns of individual miRNAs over the time course of the experiment, we did a cluster analysis based on the MFI for 64 probes for which high-quality data were available for every time point (Fig. 2B) . From the dendrogram and the associated heat maps, it is apparent that changes in miRNA expression levels link to the infection time course. The heat maps reveal coherent temporal linkages from time point to time point. Thus, the mock and 6-hpi time points are closely related to each other, as are the 48-and 120-h time points, with the 24-h time point being related to the 48-and 120-h time points. From the heat maps, persistent and transient effects on the expression levels of individual miRNAs are apparent. The expression levels of some species progressively changed from high to low over the experimental time course; conversely, the expression levels of some species changed from low to high. The expression levels of some species transiently increased, especially at the 6-and 24-h time points.
Specific examples of the types of changes mentioned above are shown in Fig. 3 . Cellular miRNAs were upregulated in three general patterns: persistent increases beginning from 6 hpi (Fig. 3A) , transient increases in expression that peaked at 24 hpi (Fig. 3B) , and late increases (Fig. 3C) . Some miRNAs were downregulated, with their levels decreasing until 48 hpi with little change thereafter (Fig. 3D) .
Interestingly, some miRNAs with the same seed sequence (residues 2 to 8) had similar patterns of changes in expression after HCMV infection. This included miR-99 and miR-100, which have identical seed sequences and have only a singlenucleotide difference elsewhere. In addition, of the nine miRNAs upregulated at 120 hpi, four (miR-17, -20, -93, and -106) have identical seed sequences and only 2-to 3-nt sequence differences elsewhere (11) . These miRNAs are encoded on different chromosomes. Thus, some groups of unique miRNA species that have similar targets are coordinately regulated after infection.
(iv) Selection of miRNAs for functional analyses. After the initial data quality filtering described above, we applied a series of additional filters to identify the miRNA species whose expression levels were most profoundly and reproducibly changed after HCMV infection. This involved identifying miRNAs for which there was at least a twofold change in the expression level (up or down), MFI of Ն1,024 fluorescence units at least one time point, and concordance between experiments 1 and 2. Species that passed these filters are miR-21, -99, -100, -101, -155, -181, -213, -222, -223, and -320 (downregulated) and miR-17, -20, -106, and -219 (upregulated). Interestingly, many of these species have been identified by others as playing possible roles in cell differentiation or oncogenesis (reviewed in references 16, 25, and 26), and some are known to target cellular regulators that may be important during infection.
miR-100 and miR-101 interact with components of the mTOR pathway. For the miRNA species that had the most consistent and significant changes in expression following HCMV infection, we examined lists of targets predicted by MIRANDA and TargetScan (19, 32) . miR-100 and miR-101 have predicted targets on the mTOR pathway, which is important in regulating the translation of capped mRNAs, cell size, cell growth, cell cycle, cell survival, and cytoskeletal organization (37) (Fig. 4A) . Specifically, miR-100 and miR-101 each have a predicted target in the mTOR 3Ј-UTR. In addition, miR-100 has a predicted target in the 3Ј-UTR of raptor, which is a partner of mTOR, and miR-101 has two predicted targets in the 3Ј-UTR of another mTOR partner, rictor (Fig. 4B) . To determine whether miR-100 and miR-101 interact with components of the mTOR pathway, we constructed reporter genes containing segments of the 3Ј-UTR from the mTOR and raptor genes downstream of the EGFP reading frame (pHygEGFP-mTOR and pHygEGFP-raptor) (Fig. 5A and  6A ). Cells transfected with the reporter genes express EGFP, and the effects of miRNAs on EGFP expression can be assessed by comparing fluorescence intensities in the presence or absence of synthetic miRNA mimics or a negative-control miRNA mimic (Fig. 5B ). The miRNA mimics are able to be processed by Dicer and produce stable and active silencing of their cognate targets.
For pHygEGFP-mTOR, the cloned region contains predicted targets for miR-100 and miR-101 (Fig. 5A) . At 25 nM, the miR-100 mimic alone inhibited EGFP expression by 35%, while the miR-101 mimic alone had no effect. At 50 nM, the miR-100 mimic alone inhibited EGFP expression by 60%, and the miR-101 mimic alone inhibited it by 38%; the combination of 25 nM of each of the miR-100 and miR-101 mimics (50 nM total) inhibited EGFP by 48% (Fig. 5C) . The raptor 3Ј-UTR fragment contains a predicted target for miR-100 but has none for miR-101. Consistent with this, in experiments performed in parallel to those for which results are shown in Fig. 5B and C, miR-100 inhibited pHygEGFP-raptor by about 50%, but neither miR-101 nor the negative-control miRNA mimic had an effect (Fig. 6B) . In addition, the miR-100 and miR-101 mimics had no effect on the parental EGFP vector, which lacks the mTOR and raptor 3ЈUTR (Fig. 6B) . We extended this to an analysis of the effects of miR-100 and miR-101 on the expression of the mTOR protein in 293T cells. As shown in Fig. 5D , a combination of the two miRNAs (6.25 nM of each) reduced mTOR expression by 41% relative to what was seen for the transfection control, an effect greater than that seen for either of the mimics alone at 12.5 nM; the control miRNA had a negligible effect. Note that the levels of miRNA mimics required to achieve silencing of the EGFP reporter constructs (Fig. 5A to C) and mTOR protein expressed at its native levels (Fig. 5D) are not directly comparable, due to the high level of reporter gene transcripts expressed from the HCMV immediate early promoter in the transfected HeLa cells and the relatively low level of mTOR expressed from its native transcript in 293T cells and possibly to differences in silencing resulting from differences in the overall structure of the mTOR 3ЈUTR reporter transcript versus that of the native mTOR transcript. To summarize, two of the miRNAs reregulated after HCMV infection interact specifically with the 3Ј-UTR of at least two members of the mTOR pathway and can reduce the expression of mTOR at the protein level.
miR-100 and miR-101 inhibit HCMV replication. We tested the hypothesis that if levels of a cellular miRNA are reduced following HCMV infection, their absence might be helpful for viral replication. Therefore, by supplementing intracellular levels of the miRNA by exogenous addition of the miRNA, viral replication might be suppressed.
First, we directly compared miR-100 and miR-101. Based on work from Kudchodkar and colleagues, subconfluent human fibroblasts (28) were transfected with the mimics of miR-100 and miR-101 individually and as equimolar mixtures (10) . Two days after transfection, the cells were serum starved for two more days and then infected with the T-BACwt virus at an MOI of 2. Virus titers in the culture supernatant on the fourth day after infection are shown in Fig. 7A . Individual mimics reduced virus titers by about one-half of a log at concentrations from 25 to 100 nM. Equimolar mixes of the two mimics were much more potent (Ͼ10-fold reduction) than individual mimics at the same total molar concentration. Inhibition by the 25 nM mixture (12.5 nM of each species) was Ͼ4-fold greater than that in the presence of 100 nM of either species alone. These inhibitory effects were verified and extended in an independent experiment that included a commercial miRNA mimic as a negative control (Fig. 7B) . In this experiment, miR-100 and miR-101, either alone or in combination, reduced the amount of infectious HCMV in the culture supernatants at 4 days after infection to levels similar to those shown in Fig.   FIG. 4 . Predicted targets of miR-100 and miR-101 in the 3Ј-UTR of members of the mTOR pathway. (A) Schematic of the mTOR signaling pathway. mTOR functions by partnering with either raptor or rictor and controls mRNA translation or cell growth and survival, respectively. Rapamycin inhibits the function of the mTOR/raptor complex, while the function of Akt, the only known target of the mTOR/rictor complex, can be inhibited by caffeine. PI3K, phosphatidylinositol 3-kinase. (B) Predicted targets. For each duplex, the upper sequence is from the predicted target and the lower sequence is the mature form of the indicated miRNA. For mTOR at least, the predicted target sequences are highly conserved among diverse mammalian species.
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7A. Importantly, the miRNA mimic negative control had no significant effect on HCMV production when used either alone or in combination with miR-100 or miR-101. Thus, the inhibitory effects of the combination of miR-100 and miR-101 are specific. Further, we saw no difference in GFP expression from the recombinant virus in the presence or absence of the miRNA mimics (data not shown), indicating that the mimics do not adversely affect viral entry or the early stages of gene expression.
The combinatorial effect may be the product of the two 
DISCUSSION
Previous studies of herpesviruses and miRNAs have focused on virally encoded miRNAs. Here we examined the connection between infection and global patterns of cellular miRNA expression. The major observations from this work are that HCMV infection results in the altered regulation of cellular miRNAs, that mTOR pathway components are targeted by infection-regulated miRNAs, and that infection-regulated miRNAs target genes important in viral replication. This illustrates a novel mode of viral regulation of cellular processes.
HCMV infection leads to altered regulation of cellular miRNAs. HCMV affects the regulation of many cellular processes (reviewed in reference 39). In some cases, these changes are directed by the virus for its advantage and others are cellular defense responses to infection. Here, we found that HCMV infection leads to altered regulation of cellular miRNAs. Given the number of genes that can be regulated by individual miRNAs and the number of miRNAs expressed in cells and tissues, this greatly expands the range of possible virus-host regulatory interactions. The complexity is underscored by there being no uniform global pattern of regulation; rather, it appears that individual (or groups of) miRNAs are independently regulated, some positively and some negatively. Persistent and transient effects were seen, and changes in miRNA expression profiles linked to the time course of infection. Interestingly, many of the virally regulated miRNAs are predicted to target important biological pathways and have altered regulation in some cancers and some states of cellular differentiation.
Our results contrast with what has been observed for some plant viruses, which encode proteins that cause global inhibition of the miRNA system (6, 36) . The altered patterns of cellular miRNA we observed for HCMV-infected cells are similar in some respects to changes seen for cells infected with HIV in that there was both up-and downregulation of cellular miRNAs (50) . Most of the miRNAs affected by HCMV are different from those affected by HIV. In contrast to HIVinfected cells, in HeLa cells that were transfected with HIV-1, 43% of miRNA species were downregulated, with few being upregulated (54) . It will be important to learn the mechanisms of regulation of miRNA levels, which could be at the stages of transcription, maturation, and/or degradation. The temporal patterns of regulation indicate that for HCMV, viral genes of more than one kinetic class are involved.
Biological effects of reregulated miRNAs. Because of their target degeneracy, it is a major challenge to identify the full spectrum of regulatory targets of individual miRNAs (23, 27) . We made the novel observations that mimics of miR-100 and miR-101 downregulate the expression of a reporter gene containing in its 3Ј-UTR the 3Ј-UTR of either mTOR (silenced by mimics of miR-100 and miR-101) or raptor (silenced only by the miR-100 mimic), and that these miRNAs can suppress mTOR protein levels. mTOR and raptor are components of the mTOR protein translation initiation regulatory pathway, which is important for cell size (15) and processes that include protection from cell death (37), cell cycle progression (14) , and HCMV replication under some conditions (28) . It will be important to determine whether miR-100 and miR-101 regulate the mTOR pathway in infected cells and to identify other cellular and/or viral genes that might be involved in this process.
A key observation was that some infection-regulated miRNAs can influence virus production. By themselves, the miR-100 and miR-101 mimics had only modest effects on virus yield (ϳ70% reduction at 50 nM of either mimic); together, the inhibitory effect was amplified (33-fold reduction in the presence of 25 nM of each mimic). When virally vectored small interfering RNAs, each containing two distinct short hairpin RNAs with perfect sequence matches in either the raptor or the rictor genes, were delivered prior to HCMV infection, both of the targeted genes were downregulated and viral replication was inhibited, with the inhibition from targeting rictor being greater than that seen from targeting raptor (28) . As rictor also has two candidate targets for miR-101, our results suggest that the combination of mir-100 and miR-101 may inhibit the mTOR pathway more completely than the targeting of either mTOR or raptor alone. Other miRNAs that also contribute to this process may be found.
Potential roles for miRNA during HCMV infection. The vast diversity of miRNA regulatory targeting and the diverse patterns of the regulation of cellular miRNAs during infection suggest that miRNA might be involved in the regulation of cells at any and potentially at every step of HCMV replication, including manipulating the initially infected target cell at the portal of entry, creating an environment suitable for establishing latency, reactivating cells from latency, and causing end organ disease. Some cellular miRNAs are already known to be important for virus replication (24, 30, 50) . Similar to our result for HCMV, the addition of exogenous miRNA miR-17/ 92, whose expression levels were substantially decreased after HIV infection, inhibited HIV growth (50) . It remains to be seen which components of the altered regulation of miRNA expression in infected cells are cellular responses to infection and which are done by the virus for its purposes.
Our study has some limitations that will need to be addressed in future studies. We did not assess the roles in infection of most of the miRNAs whose expression is altered after infection. The miRNA microarrays we used do not contain probes for every known miRNA; thus, it is possible that HCMV infection affects the expression of a list of miRNAs longer than that enumerated here. The virus may interact with miRNA regulatory pathways differently in cells in other metabolic states, in different cell types, or in human tissues. Genes present in wild-type viruses but absent in the laboratory strain we used may have additional effects on cellular miRNA expression.
